In the course of our ongoing studies of odor-cued taste avoidance (OCTA) to measure olfactory capabilities in animals, we observed that mice could rapidly learn to use the vapor of the classical bitterant quinine hydrochloride to avoid contact with the tastant. Here we expand on this observation to determine which among several compounds generally classed as bitter could be detected at a distance. Since mice were initially naïve we were able to assess whether the vapors of the bitter compounds tested were innately aversive as are their tastes. CD-1 mice could readily use vapor cues from quinine hydrochloride, denatonium benzoate (DB), and 6-propyl-2-thiouracil to avoid their taste. Although mice did not hesitate to make contact with these solutions on their first exposure, they did learn to do so typically after only 1 or 2 exposures. Bilaterally bulbectomized mice did not learn or retain the ability to avoid quinine and DB solutions by vapor alone, implicating olfaction as the mode of detection. Saturated aqueous solutions of sucrose octaacetate and caffeine which are bitter to humans and some strains of mice were not aversive in our studies. The very low vapor concentrations of the 3 bitterant solutions that mice detected at a distance, suggest that impurities in the reagent grade solutions, rather than the bitter molecules themselves were the basis of detection. Implications of these findings for taste testing and the role of odor in food acceptance/rejections decisions are discussed.
Introduction
The decision by animals with advanced nervous systems to consume or avoid potentially nutritive material is undoubtedly informed by all of the senses but most importantly by taste and smell, whose rolls in these behaviors are highly integrated (Maier et al. 2012 (Maier et al. , 2015 . Rodents, the focus of most studies on non-human species, typically reject substances that human subjects report as bitter using receptors located on the tongue and elsewhere (Behrens and Meyerhoff 2016) . This later response is assumed to drive the avoidance of toxic substances despite the fact that a consistent relationship has never been established between bitterness and toxicity (Glendinning 1984 ). Though we recognize that "bitter" is a human construct, the term bitter and bitterant will be used to describe the chemicals tested in this study as they have all been shown to be bitter to humans and are typically avoided by animals.
In both innate and learned consumption decisions, taste is thought to be preeminent (Palmerino et al. 1980) , though it is clear that olfaction guides decision by foraging animals and that odors can potentiate responses to taste (Slotnick et al. 1997) . The influence of odor extends also to solutions commonly used in taste research. Thus, most acids used as exemplars of sour taste have obvious odors for humans (Settle et al. 1986 ). However, there is a small but convincing body of evidence that vapors from tastants that have no obvious odors for human subjects can be detected by rats and mice. Using quite different methods, Oakley (1965) , Van Buskirk (1981) and Rhinehart-Doty et al., (1994) demonstrated that rats could detect the odor of high concentrations of sucrose and Miller and Erickson (1966) trained rats to detect relatively low concentrations of several chloride salts. In related studies measuring lick rates in mice, an increase in latency to the first lick was noted upon presentation of a high concentration of tastants including denatonium benzoate (DB; Dotson et al. 2005; Hallock et al. 2009 ), sucrose octaacetate (SOA) (Boughter et al. 2002) as well as quinine hydrochloride (QHCl), MgCl 2 , calcium chloride, cycloheximide, and HCl (Boughter et al. 2005) suggesting that mice could detect vapors of these tastants.
Recently we reported on the use of odor-cued taste avoidance (OCTA) for training mice on simple odor detection and discrimination tasks (Slotnick and Coppola 2015) . The OCTA method entails giving thirsty subjects a choice between water (the S+) and an odorized S− solution mixed with the bitterant QHCl in a series of brief trials. Subjects typically need only 1, rarely 2, tastes of the S− stimulus to avoid it in future trials, while approaching and consuming the S+ with short latencies. In the course of that study we also found that mice were able to detect the odor of QHCl. In the present study we expanded these findings to determine: which of the common bitter compounds could be detected at a distance and if the vapors of the bitter compounds tested are innately aversive (as are their tastes). The potential detection of vapors of bitter compounds is of particular interest given the existence of bitter "taste" receptors in the respiratory pathways that may play a protective role (Finger et al. 2003; Tizzano and Finger 2013) .
Materials and methods

Subjects
CD-1 strain female mice born in the Randolph-Macon College vivarium to pregnant dams from Charles River Labs were used in these studies when 2 to 4 months old. Subject were housed in groups of 3 in 18 × 28 × 13 cm plastic cages with standard stainless steel wire tops. The light-dark cycle was 12:12 h with testing occurring during subjective day. All experimental procedures were approved by the Randolph-Macon College Institutional Animal Care and Use Committee.
Apparatus
The testing apparatus and procedures have been described and validated previously (Slotnick and Coppola 2015) . Briefly, an 18 cm long, 11 cm wide, and 20 cm high black PVC-walled box served as the test chamber (Figure 1 ). The floor of the chamber was fitted with 2, 8 × 5 cm stainless steel plates separated by a 0.5 cm gap. A 2.4-cmdiameter opening at one end of the box provided access to 0.1 mL of fluid contained in the head of a 1/4-20 socket-cap stainless steel bolt. The top of the bolt, insulated with baked on epoxy paint, was located 3 mm below the cage floor. The opposite end of the bolt made contact with a stainless steel plate, which was electrically connected to box circuitry.
Subject movement between the floor plates and contact of the liquid in the head of the bolt were monitored by touch circuits (Slotnick 2009 ) connected through a digital interface to a laptop computer.
Aversive stimuli
The aversive stimuli included several of the most commonly studied bitter compounds. QHCl, DB, 6-propyl-2-thiouracil (PROP), SOA, and caffeine (CAF), all at purities of 98% or above, were purchased from Sigma-Aldrich. A tripeptide, phenylalinine-phenylalininephenylalinine (3PHE), was custom synthesized by GenScript). Reported concentrations are millimolar units dissolved in bottled water (Dysani) except for the peptide, 3PHE, in which 0.01 mM DMSO (final concentration) served as the diluent to make a 3 mM solution for the S−. In this case, 0.01 mM DMSO in water served as the S+ stimulus instead of pure water.
Where multiple concentrations were tested the number and range of concentrations chosen were guided by pilot studies and prior studies (e.g., Boughter et al. 2005) with maximum concentrations limited by water solubility in some cases.
Training and testing
The training and testing procedures have been described previously (Slotnick and Coppola 2015) . Briefly, mice were placed on 1 mL of water per day water ration until their ad lib weight was reduced by 15% after which training began. At the beginning of a test session, the mouse was confined to the start chamber by a moveable barrier. The barrier was then removed and the start of the trial was defined by the mouse crossing from the start chamber touch-plate to the test chamber touch-plate (Figure 1 ). The trial terminated either 30 s later if the mouse did not make contact with the liquid in the fluid reservoir (Figure 1) or 5 s after initial contact was made. The mouse was then confined to the start chamber and the next trial was started approximately 20-30 s later.
We measured both response latency (to make contact with fluid stimulus) and, if contact was made, the number of 100 ms periods the tongue was detected to be in contact with the liquid on each trial. In the training phase, in which only water was used, mice were trained to approach the fluid reservoir in 5 consecutive trials per day for 3 consecutive days. All mice had response latencies of 2 s or less by the third training session.
Testing consisted of a series of S+ (water only) and S− (bitter solution) trials run in a single session. The first 3 trials of a session were always S+, followed by 9 or 10 S− and S+ trials combined in an irregular pattern with the stipulation that there were never more than 2 S− trials in a row.
Independent groups of mice were used to test each bitterant. Where results from multiple concentrations of bitterant are reported they involved repeated testing of the same group of mice, once per day, starting with the highest concentration and proceeding to lowest.
Olfactory bulbectomy
Five female mice were bilaterally bulbectomized. These mice had previously been trained to avoid 10 mM QHCl, as described start chamber touch plate test chamber touch plate fluid rervoir Figure 1 . Floor plan of testing chamber. Touch plates, one in the start chamber and one in the test chamber, were constructed of stainless steel and were separated by 0.5 cm. The disk labeled fluid reservoir represents the opening in the floor and the water reservoir located 3 mm below the level of the floor. The black bar represents a moveable barrier that was used to confine mice to the start chamber during the intertrial interval.
above. The bulbectomy procedures were identical to those used previously (Slotnick and Coppola 2015) . Briefly, deep anesthesia was achieved using an IP injection of Ketamine (90 mg/kg) and Xylazine (9 mg/kg) supplemented with a SQ injection of buprenorphine (0.1 mg/kg). When unresponsive to toe pinch, an animal's head was immobilized in a Kopf stereotaxic holder with the aid of ear pins that were blunted to avoid damaging the tympanic membrane. The scalp covering the dorsal skull was shaved, scrubbed with germicidal solution, coated with iodine and incised. Olfactory bulbs were partially exposed bilaterally through craniotomies created with a dental drill. Bulbs were then aspirated under view of a surgical microscope and the resulting cranial cavitation above the cribriform plate was filled with gelfoam. Bone wax was used to fill the craniotomies, the scalp incision was closed with wound clips and antibiotic ointment was applied to the wound margins. Animals were allowed to recover in a warmed chamber and given a 3 mg/mL solution of acetaminophen in their water supply for 3 days following surgery. They were tested on the QHCl detection task 20 days after surgery.
Statistical analysis
The dependent variables were latency to contact the water reservoir and drink-time as a percentage of the 5 s the stimulus was available during each trial. As noted above, the maximum latency set by the trial duration was 30 s. Where individual performance data are shown, mice were chosen because they were either the fastest learners or showed complete avoidance of the S− or both.
Owing to the large number of means in the group data (up to 13 trials), which would unreasonably magnify the experiment-wise error rate, we decided in advance of collecting the data to reduce the statistical analyses of latencies to 2 Student's t-tests: one comparing the mean of the first 3 S+ trials to the first S− trial for each subject, and the other test comparing the mean of all S+ trials to the mean of all S− trials except for the first S− trial for each subject. The first comparison would test whether there was an innate aversion to the vapor of bitter solutions and the second would test whether there was a learned aversion.
In experiments involving different concentrations of bitterants, mean latencies and drink-times across concentrations were compared using a repeated measures ANOVA with Geisser-Greenhouse sphericity correction followed by Dunnett's multiple comparisons tests in which the mean for water was compared to the means for all concentrations of the bitterants.
Results
Quinine hydrochloride
Mice could readily detect the vapor of QHCl as evidenced by the much longer latencies to contact the QHCl solution (S−) than to contact water (S+) (Figure 2 ; t (4) = 8.17; P < 0.002). Two mice completely avoided the S− after the first trial and 4 out of 5 completely avoid the S− after the second trial. However, we found no evidence of an innate avoidance, since mean response latencies on the first exposure to QHCl were not significantly longer than those for water (t (4) = 1.30; P > 0.25).
When tested with a series of decreasing concentrations of QHCl, average latencies tended to decrease with concentration (but compare 10 mM and 5 mM) though only the 2 highest concentrations were significantly greater than the average latency on water trials (F (1.4, 5.7) = 9.79; P < 0.02; Dunnett's P-values were significant at P < 0.01 for 5 mM and 10 mM; see Figure 2 ). Also, drink-time as a percent of total duration of stimulus availability increased with decreasing QHCl concentration, but remained significantly less than water consumption except at the lowest concentrations (F (1.3, 5.2) = 24.97; P < 0.003; Dunnett's P-values significant at P < 0.01; see Figure 2 ).
Denatonium benzoate
As was the case with QHCl, solutions of the bitterant DB could be readily discriminated from water without contact: after their initial exposure to 5 mM DB, latencies on the next DB trial were longer than on water trials (Figure 3 ; t (4) = 10.37; P < 0.0005) and all 5 mice completely avoided DB in the last 2 S− trials of the session. Also, as was the case for QHCl, mice did not avoid DB on their first exposure to the tastant: response latencies on that trial did not differ from those for the first 3 water trials (t (4) = 0.32; P > 0.75).
Acceptance of DB sharply increased with decreasing concentrations of the bitterant ( Figure 3C ): Latency values tended to decrease with decreasing concentration with only the highest 2 concentrations (1 and 5 mM) significantly greater than the average latencies for water trials (F (1.97, 7.89) = 12.71; P < 0.004; Dunnett's tests were significant at 0.05 or less, see Figure 3 ). Drink-time increased with decreasing concentrations of DB and only drink-time for 1 and 5 mM were significantly different from water (F (1.9, 7.5) = 15.67; P < 0.003; Dunnett's P < 0.01 for 1 and 5 mM, see Figure 3C ).
6-Propyl-2-thiouracil
PROP proved to be much less aversive than QHCl or DB. Notably, none of the 10 mice in this group demonstrated complete avoidance of the S− after their initial contact with the tastant as was common for the QHCl and DB groups. Nevertheless, for the group, mean latencies to contact the PROP solutions were longer, excluding the first exposure, than the mean latencies for water trials (Figure 4 ; t (9) = 2.45; P < 0.018). And, as QHCl and DB, avoidance to PROP was not in evidence on the first exposure (t (9) = 0.7; P > 0.5).
The lack of potency of PROP as an aversive cue was particularly evident in the concentration study. Response latency did not vary significantly with concentration and were relatively short even at saturation (7 mM). The omnibus ANOVA was not significant (F (1.38,12.43) = 3.75; P > 0.07) and only the highest concentration was significantly different from water in the post hoc comparisons (Dunnett's P < 0.04), see Figure 4C ). And mean drink-time significantly decreased only for the highest 2 concentrations (F (2.16, 19.41) = 23.65; P < 0.0001; Dunnett's P < 0.02 or less for 3 and 7 mM, see Figure 4C ).
Sucrose octaacetate
This large acetylated sucrose analogue which is a classical bitterant was tested only as a saturated solution (nominally 1.5 mM). The difference in mean latency between water (Mean = 3.5 ± 1.26 SEM s) and a saturated SOA (Mean = 5.4 ± 1.93 SEM s) was not significant (t (4) = 1.03; P > 0.18) suggesting mice could not differentiate the solution from water from a distance or that it was not unpalatable. To this point, mean drink-times for saturated SOA (Mean = 49.4 ± 8.23 SEM %) was marginally but significantly less that for water (Mean 64.3 ± 6.62 SEM %; t (4) = 5.91; P < 0.01). Clearly, saturated SOA was far more palatable to mice than QHCl, DB, or PROP and supported drink-times of near 50%, on average, compared to 2.4%, 2%, and 18.3% respectively, for the highest concentrations of the latter solutions (Figures 2-4) .
Caffeine
A nominally saturated solution of CAF (100 mM) proved not to be aversive to a group of 6 mice: response latencies on the S− trials (Mean = 2.1 ± 0.40 SEM s) were not greater than those on water trials (Mean = 1.6 ± 0.24 SEM s; t (5) = 0.82 P > 0.44.) and drink scores were not significantly lower on S− (Mean = 35.9 ± 6.85 SEM %) than on S+ (water) trials (Mean = 39.4 ± 2.92 SEM %; t (5) = 0.38; P > 0.72).
Phenylalinine-Phenylalinine-Phenylalinine
This small peptide, a common constituent in some foods, has been shown to have a bitter taste for humans (Otagiri et al. 1985) . It was included here under the assumption that, given its low vapor pressure, it would not be detected from a distance. Despite this expectation, mice rapidly learned to avoid a saturated solution (nominally 3 mM) of this compound as they did for the some other bitter compounds in this study (t (5) = 5.89; P < 0.002; Figure 5 ). The fact that at least some mice ( Figure 5A ) showed near complete avoidance of 3PHE after one S− trial speaks to its high level of bitterness to CD1 outbred mice. However, mice did not show inherent avoidance of 3PHE as latencies on their first S− trial did not differ from those on their prior S+ trials (t (5) = 0.72; P > 0.50; Figure 5 ) but each mouse learned to avoid sampling 3PHE within 1 or 2 trials.
Bulbectomized Mice
Our data establish that mice can learn to avoid several bitterant solutions, often after 1 tasting, without further contact. To test the hypothesis that detection of these bitter solutions at a distance is based on the vapor of these solutions we bilaterally bulbectomized 5 mice that had previously been trained to avoid QHCl. Each of these mice failed on this detection task in post-surgical tests (mean latency on S+ trials and S− trials was significantly different: t (4) = 2.44; P > 0.07; Figure 6 ). However, these bulbectomized mice maintained their distaste for QHCl as evidenced by brief drink times.
Discussion
The present results demonstrate that CD-1 strain mice could readily use vapor cues of QHCl, DB, PROP, and 3PHE to avoid their taste. However, avoiding the taste of these bitterants depended on prior learning as mice did not hesitate in making contact with these solutions on their first exposure. Although CD-1 mice did not innately avoid the vapor of bitterants they could rapidly learn to do so, suggesting that the detection was not difficult. The bitterants tested were not uniformly distasteful to mice in our studies. A saturated solution of SOA was only marginally unpalatable (mice spent nearly 50% of the allotted time drinking it compared to 64% for water) and a saturated solution of CAF was approached and consumed as readily as water. We are unaware of any prior tests of the CD-1 outbred strain's reaction to SOA taste. However, inbred strains display marked phenotypic differences in 2-bottle tests in response to this acetylated sugar ranging from avoidance, even at low concentrations, to indifference (Inoue et al. 2001) . SOA taste aversion in mice is dependent on allelic variation at a single locus (Harder et al. 1992) . Our results suggest that the most common allele carried in CD-1 mice may be for non-tasting. Because latencies to drink water or SOA did not differ, it appears that at least for short-term tests the tastant is not unpalatable but additional studies are needed to determine if these outbred mice can detect vapor from SOA. It should be noted, however, only female mice were used in this study and sex differences in taste function have been reported (e.g., Martin and Sollars 2017) The lack of avoidance of a saturated CAF solution was unexpected given that in 2-bottle preference tests CD-1 mice avoided 10 mM CAF (Field et al. 2010) as did C57BL/6 mice tested with 5 mM CAF (Nagatomo and Kubo 2008) . However, the >24 h test durations used in both studies would have allowed postingestive cues to influence preference. Consistent with this possibility, the Nagatomo and Kubo study, involving 4 consecutive days of testing, failed to show any aversion to CAF until the second day.
Strain differences in response to PROP have also been documented though even in strains that find PROP highly aversive its potency is several fold less than QHCl (Boughter et al. 2005) . Mice in our study could detect the vapor of PROP solution and, in agreement with Boughter et al. (2005) found it aversive but much less so than they did QHCl, DB or 3PHE.
We are unaware of any prior palatability tests of 3PHE in mice. In humans, 3PHE is reported to be 5 times more bitter than CAF (often used as a standard bitterant) and 100 times more bitter than phenylalanine, with a detection threshold of 0.2 mM (Otagiri et al. 1985) . Mice in our study could use the vapor of 3PHE to avoid it after the first exposure and apparently found it quite unpalatable given maximum avoidance values in most mice.
Bitter compounds constitute a large number of structurally diverse substances that are recognized by the TAS2R family of receptors initially identified in the tongue and mouth (Galindo et al. 2012) . More recently, members of the bitterant receptor family and other downstream components of the gustatory transduction pathway have been localized to solitary chemosensory cells (SCCs) of the nasal cavity (and elsewhere) where they appear to be playing a protective role (Finger et al. 2003; Tizzano and Finger 2013) . Relevant to the results shown here, SCCs respond to direct application of some classic bitterants including DB and are innervated by nociceptive afferents of the trigeminal nerve which when stimulated cause reflexive apnea and localized irritation (Tizzano and Finger 2013 ). Thus, SCCs, which are found near the entrance of the nasal cavity and are thought to support a "sentinel" function, could be the basis of an innate aversion to the odor of bitterants (Finger et al. 2003) . Contrary to this expectation none of the bitterants used in our study had aversive vapors. If they had, naïve mice in their first S− trials should have displayed longer latencies to sample these bitter solutions than they did on S+ (water) trials, though we cannot be certain that days of training and 3 initial safe/water trials did not make the mice less attentive to subtle odor cues in the first S− trial. What system could be mediating bitter avoidance at a distance? Bulbectomized mice failed to avoid contact with QHCl but maintained their aversion to its taste. Thus, as expected, surgery deprived the mice of vapor cues but did not disrupt the aversive taste of the bitterants. These results are in agreement with those of Slotnick and Coppola (2015) , in mice, and Darling and Slotnick (1994) , in rats, who also demonstrated a failure of odor detection in OCTA tests after olfactory bulbectomy. However, omission of postmortem histological verification of lesions in this study limits the extent to which we can isolate olfactory bulb mediated sensory channels in OCTA discriminations. For instance, frontal lobe or other unintended brain damage could explain the failure of bulbectomized mice, as a group, to respond normally in the OCTA paradigm. However, this seems unlikely for 3 reasons. First, our prior experience with olfactory bulbectomy, using identical methods as in the present study, that were followed by postmortem anatomical or histological verification, rarely showed damage beyond the lobes or incomplete lesions (Darling and Slotnick 1994; Slotnick and Coppola 2015) . Second, all of the bulbectomized mice in this study rejected the taste of bitterants as readily as normal mice suggesting they were making normal tastebased ingestion decisions. Third, none of the bulbectomized mice displayed any obvious abnormal exploratory or recursive behavior, evidence that their lesions were limited, consistent with our experience, to the olfactory bulbs.
Potential receptors for vapor phase stimuli include those of the vomeronasal organ and main olfactory epithelium, the septal organ and receptors of the nasocillary branch of the trigeminal nerve though the latter would seem to be excluded based on the lack of initial trial aversion. Since olfactory bulbectomy eliminates afferents from the main olfactory epithelium, septal organ, and vomeronasal organ our results do not identify which of these sensory system(s) mediated vapor detection.
In an effort to estimate the concentrations of bitter molecules in the air above our diluted stimuli we first calculated the vapor concentration above pure compound at 1 atmosphere pressure and multiplied these figures by the highest concentrations tested (Table 1 ). The resulting extremely low estimated concentrations in the headspace above the avoided bitterant solutions strongly suggest that detection was based on contaminants rather than the bitterant molecules themselves (Table 1) . In prior studies of odor sensitivity of rats and mice (Slotnick and Schoonover 1984; Vedin et al. 2004 ; Can Güven and Laska 2012) detection threshold for a variety of odorants ranged from approximately 10 -5 to 10 -11 M with a few exceptional animals able to detect some carboxylic acids at 10 -13 M (Can Güven and Laska 2012). However, typically in such studies, extensive training, often involving hundreds of trials, using a descending method of limits procedure is needed to assess detection at very low odor concentrations. By contrast, in the present study, nearly perfect acquisition was achieved after only 1 or 2 exposures to the vapor of some bitterants, strongly suggesting that the available vapor cues were well above detection threshold. Authors of earlier reports on the vapor detection of sucrose and sodium chloride have also speculated that animals in their studies may have been cuing on contaminants in taste reagents rather than the tastants themselves (Van Buskirk 1981; Rhinehart-Doty et al. 1994) . The purest reagent-grade bitter compounds commercially available do not typically undergo quality control for their volatile components and their modes of syntheses are usually proprietary making it difficult to speculate on the nature and concentration of any impurities. The present results serve to further emphasize the contrast between the integrated yet functionally distinct senses of taste and smell (Maier et al. 2012 (Maier et al. , 2015 . Although taste evolved as a proximity sensor that operates typically in the millimolar range of concentrations, olfaction evolved as a remote sensor operating in the picomolar range and below. Despite olfaction's superior sensitivity that might be used in consumption/rejections decisions, few odors and fewer still olfactory receptors have been found that mediate innate aversion or attraction at the behavioral level (Li and Liberles 2015) . Rather, the valence of odors seems most frequently to be a product of conditioning. As illustrated here and in prior studies using similar OCTA methods (reviewed in Slotnick and Coppola 2015) , salient odors associated with negative or positive stimuli (e.g., bitter or sweet tastes), during even a brief single experience, can become powerful and enduring controllers of behavior. 
